The present study shows that the positrophilic electrons of a molecule dock into the positron attractive potential region in the annihilation process under the plane-wave approximation. The positron-electron annihilation processes of both polar and nonpolar fluorinated methanes (CH 4-n F n , n=0, 1, …, 4) are studied under this role. The predicted gamma-ray spectra of these fluorinated methanes agree well with the experiments. It further indicates that the positrophilic electrons of a molecule docking at the negative end of a bond dipole are independent from the molecular dipole moment in the annihilation process.
Introduction
Recent research has suggested that the negative end of a polar molecule plays a primary role in positron binding and annihilation process. 1) In earlier experiments, positrons were found to annihilate predominantly with the halogen or halogen ions in polar molecules such as alkali halides. 2, 3) An experimental review on the positron annihilation process has been given for both non-polar and polar molecules. 4) It is known that the core electrons of atoms or molecules only play a minor role in the annihilation process. 5, 6) However, it is still unclear why the positron annihilates the valence electrons in a molecule differently, and which valence electrons of a molecule are most likely to be annihilated by the positron. A number of available experimental measurements enable us to develop theoretical models to reveal the relations between the annihilation probability and molecular properties, such as the attractive potential, the dipole moment and the electron density distributions, etc.
Recent studies revealed that some specific valence electrons, i.e., positrophilic electrons in non-polar molecules, such as methane 7) and hexane, 8) dominate the annihilation spectra. Hence, the positrophilic electrons are defined as the electrons which dominate the annihilation with a positron in a molecule 7) . For example, the 2a 1 electrons (i.e., electrons which occupy the 2a 1 orbital) dominate the annihilation process of methane while the 1t 2 electrons (i.e., electrons which occupy the 1t 1 orbital) only play a minor role. 7) These positrophilic electrons, i.e., the 2a 1 electrons in methane, show that the positron annihilation probability is related to the electron density distributions and the attractive potential (negative region) of molecule (It is further found that the positrophilic electrons predominately locate on the lowest occupied valence orbital (LOVO) 8) of the molecule as shown in the gamma-ray spectra of n-hexane as well as methane. However, both methane and hexane molecules are non-polar alkanes without permanent dipole moment. Would other molecules such as polar molecules behave similarly to these alkanes, in which their gamma-ray spectra are dominated by positrophilic electrons on the LOVO orbitals?
The study of the gamma-ray spectra of positron-electron annihilation of fluorinated methanes may provide answers to the question. The series contains both non-polar, e.g., CH 4 and CF 4 , and polar, such as, CH 3 F, CH 2 F 2 , CHF 3 molecules. The series of fluorinated methanes have been studied experimentally with a completed set of experimental data available. 4) As a result, the fluorinated methanes are employed in the present study to further test the model of positrophilic and the LOVO electrons applied in alkane is also applicable to polar molecules. In addition, the information obtained from the fluorinated methanes can also enhance our understanding of the annihilation processes of molecules.
The theoretical expressions of the gamma-ray spectra in the positron-electron annihilation process, the local molecular attractive potential, the bond dipole moment, and the Hirshfeld charge are defined in the following section. These quantities are helpful to identify the properties which dominate the annihilation probability. Section 3 reports the theoretical results and discussions. Conclusions and summary are given in Section 4.
Theoretical methods and computations
In molecular orbital scheme, the ith electronic-or positronic-orbital in the wavefunction can be expanded by Gaussian Type Functions (GTFs)
In this equation, ( ) ( ) ( )
Where ψ i (r) is the ith electronic-orbital in the wavefunction of the target in the ground state, ϕ k (r) is the incident positron orbital with momentum k, and P is the total momentum of the annihilation photons.
The probability distribution function of the photon momentum P in two-photon annihilation is then given by 6)
where r 0 is the classical electron radius, c is the light speed. The spherically averaged γ − ray spectra for each type of electrons are then calculated by using general
At large separations between the molecule and positron, it is a good approximation that the positron is described by a plane wave, and for the low positron momentum k in the vicinity of the target ϕ k ≈ e ik⋅ r ≈ 1, which we term the low-energy plane-wavepositron approximation (LEPWP). 6) In this approximation, the influence of positron can be neglected and two quantities are usually used to reflect the molecular field effect on the positron wavefunction: the total Electrostatic Potential (ESP) 7, 8) and the electric dipole moment of the molecules.
1)
The total ESP of a molecule, which represents electrostatic Coulomb interactions with a positive unit charge (the positron) in a molecule, is considered as an indicator of the positrophilic or electrophilic region of the molecule in the annihilation processes. 7, 8) In the present study, it is proposed that the positron annihilating process with a molecule is described by the Local Molecular Attraction Potential (LMAP),
Where the p ( ) ρ r is the positron density and mol ( ) V r is the total ESP of the molecule, which consists of the nuclear nuc ( ) V r and electrons ele ( ) V r in a molecule e mol nuc ele
Under the plane-wave approximation, the positron density has little effect on the LMAP due to p ( ) 1 ρ ϕ = ≈ k r , As a result, the annihilating process of a positron is totally dependent on the mol ( ) V r under this approximation.
Furthermore, the Hirshfeld charge scheme is also employed to understand the site selectivity in the present study. The Hirshfeld charges provide information of the electronegativity of a molecule, which can help to understand the likely positron attraction sites in a molecule. 10, 11) The Hirshfeld charge is defined by 12)
Where A Z is the nuclear charge, and A ( ) ρ r is the spherically-averaged atomic electron density centered on nucleus A. The pro ( ) ρ r and mol ( ) ρ r are the sums of electron density over the atoms belonging to the promolecule and the molecule, respectively.
The theoretical calculations are mainly implemented by using the Gaussian09 computational chemistry package. In the ab initio Hartree-Fock calculations, the TZVP basis set 13) is used, i.e., the calculation scheme is the HF/TZVP scheme. The molecular wavefunctions are then obtained using the HF/TZVP scheme and based on the optimised structural parameters using the same scheme. This HF/TZVP scheme is used for the gamma-ray spectra studies of methane 7) and hexane 8) molecules for consistency and comparison purposes.
Results and discussions
The structures of the fluorinated methane molecules together with the calculated total electron density mapped on the ESPs and Hirshfeld charge using the HF/TZVP scheme are shown in Fig.1 . Under the plane-wave approximation, the LMAP in Eq. .
Under the thermodynamic equilibrium state (or with a low energy), a positron approaches the target electrons towards the negative potential region in the direction that it feels a maximum local attractive force of a molecule. Apart from the LOVO electrons, other valence electrons can also contribute to positrophilic electrons of a molecule. 8) Fig.2(c) shows the contour color-filled map of the electron density distribution of the 4a′ electrons of CH 3 F The superposition of the electrons in the 3a′ and 4a′ orbitals is given in Fig.2(d) , which exhibits almost the same distribution of the negative ESP (the positive LMAP). That is, the shape of the superpositioned positrophilic electrons fits well (docks) into the shape of the negative ESP, which contains the most probable electrons to annihilate with positron. As a result, the 3a′ and 4a′ electrons of CH 3 F are the positrophilic electrons, which are determined by the docking between Fig.2(a) and Fig.2(d) . In other words, the distribution of the negative potential is dominated by the distribution of the 3a′ and 4a′ electron densities and therefore, these positrophilic electrons dominate the annihilation of CH 3 F. keV of FWHM which is bigger than the same experiment. According to positrophilic principle in annihilating process as shown in Fig.4 , the most dominant contributions to the annihiliating process are from both the 3a 1 and the 2t 2 orbitals. These 3a 1 +2t 2 orbitals agree very well with experiment about the γ − ray spectra. The other orbitals or the other summation schemes will not give the same symmetry and distribution of the negative potential, so these electrons will contribute less to the annihilating processes.
Conclusions
In summary, the present study demonstrates to determine the positrophilic electrons 
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